Light induces massive translocation of major signaling proteins between the subcellular compartments of photoreceptors. Among them is visual arrestin responsible for quenching photoactivated rhodopsin, which moves into photoreceptor outer segments during illumination. Here, for the first time, we determined the light dependency of arrestin translocation, which revealed two key features of this phenomenon. First, arrestin translocation is triggered when the light intensity approaches a critical threshold corresponding to the upper limits of the normal range of rod responsiveness. Second, the amount of arrestin entering rod outer segments under these conditions is superstoichiometric to the amount of photoactivated rhodopsin, exceeding it by at least 30-fold. We further showed that it is not the absolute amount of excited rhodopsin but rather the extent of downstream cascade activity that triggers translocation. Finally, we demonstrated that the total amount of arrestin in the rod cell is nearly 10-fold higher than previously thought and therefore sufficient to inactivate the entire pool of rhodopsin at any level of illumination. Thus, arrestin movement to the outer segment leads to an increase in the free arrestin concentration and thereby may serve as a powerful mechanism of light adaptation.
Introduction
Vertebrate rods and cones have a remarkable ability to adapt their physiological responses to ever-changing conditions of ambient illumination. Multiple molecular and cellular mechanisms underlie light adaptation, which serves to optimize the response speed and sensitivity of the cell to operate at various light intensities (for review, see Burns and Baylor, 2001; Fain et al., 2001; Arshavsky et al., 2002) . One adaptation mechanism consists of massive light-dependent translocation of signaling proteins into and out of the photoreceptor outer segment in which phototransduction takes place (for review, see Arshavsky, 2003; Hardie, 2003; Strissel et al., 2004) . Three translocating proteins have been identified so far: arrestin, responsible for quenching photoactivated rhodopsin (R*) (Broekhuyse et al., 1985; Philp et al., 1987; Mangini and Pepperberg, 1988; Whelan and McGinnis, 1988; Zhu et al., 2002; Mendez et al., 2003; Peterson et al., 2003; Zhang et al., 2003a,b; Peet et al., 2004; Coleman and Semple-Rowland, 2005; Nair et al., 2005) ; recoverin, a Ca 2ϩ -binding protein also regulating the lifetime of activated rhodopsin (Strissel et al., 2005) ; and transducin, the G-protein mediating phototransduction (Brann and Cohen, 1987; Philp et al., 1987; Whelan and McGinnis, 1988; Pulvermüller et al., 2002; Sokolov et al., 2002; Mendez et al., 2003; Zhang et al., 2003b; Elias et al., 2004; Kassai et al., 2005; Nair et al., 2005) . In the light, arrestin moves into the outer segments, whereas transducin and recoverin move in the opposite direction. Overall, these protein rearrangements are thought to lead to a reduction in photoreceptor sensitivity and to the shortening of response duration, hallmarks of light adaptation.
The phenomenon of protein translocation has drawn overwhelming interest in recent years; however, the underlying molecular and cellular mechanisms remain far from being understood. Most mechanistic studies have been devoted to determining whether translocation is driven by molecular motors or diffusion (compare McGinnis et al., 2002 with Nair et al., 2005 (for review, see Strissel et al., 2004) . In the case of arrestin, one straightforward hypothesis is that its redistribution in light arises passively by the binding by arrestin to photoactivated rhodopsin in the outer segment (Mangini et al., 1994; Nair et al., 2005) . A key prediction of this hypothesis is that the amount of the translocated arrestin is equal to the amount of activated rhodopsin, but such quantitation has never before been accomplished. Here we report a comprehensive quantitative analysis of arrestin translocation in mouse rods, which revealed that the amount of translocating arrestin significantly exceeds the amount of photoactivated rhodopsin. Furthermore, arrestin translocation is triggered only when the illumination exceeds a threshold intensity. Finally, using transgenic mice in which phototransduction is either enhanced [RGS9 anchor protein (R9AP) knock-out] or abolished (transducin ␣ subunit knock-out), we find that triggering translocation requires a critical level of phototransduction signaling downstream from rhodopsin and is not dependent on the absolute amount of rhodopsin excited by light.
Materials and Methods
Animals. C57BL/6 wild-type mice were purchased from Charles River Laboratories (Wilmington, MA). R9AP knock-out mice were described previously by Keresztes et al. (2004) . Transducin ␣ subunit knock-out mice described by Calvert et al. (2000) were a gift from J. Lem (Tufts University, Boston, MA). Arrestin knock-out mice described by Xu et al. (1997) were a gift from J. Chen (University of Southern California, Los Angeles, CA). All animals were housed in a 12 h light/dark cycles and used between the ages of 2 and 3 months.
Serial sectioning with Western blotting. The method was originally described by Sokolov et al. (2002) and optimized for mice by Sokolov et al. (2004) . Briefly, eyes were removed, the anterior portion was cut away, and the posterior eyecup was placed immediately into ice-chilled Ringer's solution. A 2 mm disc of central retina tissue was cut from the center of the eyecup with a surgical trephine and placed on a polyvinylidene difluoride membrane with the photoreceptors facing up. The sample was then flattened and frozen between two glass slides separated by 0.3 mm spacers. The base slide to which the retina was attached was then aligned for tangential sectioning at the microtome specimen holder. Serial sections, 5 m thick, were collected in a precooled 0.5 ml Eppendorf (Westbury, NY) tube and stored at Ϫ80°C until used. Western blotting was performed also as by Sokolov et al. (2004) . Blots were probed with specific antibodies against arrestin (FC41; provided by L. Dinoso, Wills Eye Hospital, Philadelphia, PA) and the intracellular markers rhodopsin (4D2 provided by R. S. Molday, University of British Columbia, Vancouver, British Columbia, Canada) and cytochrome c (H-104; Santa Cruz Biotechnology) and visualized using the Enhanced chemifluorescence (ECF) Detection System (Amersham Biosciences, Arlington Heights, IL). Note that the ECF detection system typically provides a better signal linearity than a more commonly used ECL system. The fluorescence of the bands was quantified using the Storm 860 Gel and Blot Imaging System (Molecular Dynamics, Sunnyvale, CA).
To calculate the fraction of arrestin present in rod outer segments, we used the approach originally developed for calculating the outer segment fraction of transducin (Sokolov et al., 2002) . The density of the immunostained bands in each section was plotted as a percentage of the total density of all bands. Those sections that contained rhodopsin but not cytochrome c were considered as sections containing noncontaminated rod outer segment material. The fractions of arrestin and rhodopsin present in these sections were calculated, and the amount of arrestin in the entire outer segment was derived by taking their ratio.
Because the amount of arrestin in the noncontaminated rod outer segment sections obtained from the dark-adapted animals lies below the detectability limit of the ECF detection system, it is important to calculate the upper estimate of the arrestin content in those sections. Dark profiles (see Fig. 1 ) yield between 11 and 15 sections containing measurable amounts of arrestin. Although the amount of arrestin in individual sections varies, the experimental conditions are chosen in such a way that the density averages around the middle of the linear range of the ECF method (see Fig. 2 ), which depicts at least fourfold larger amount of arrestin than that falling below the detectability limit. A typical dark profile also yields at least one section containing not less than onequarter of total rhodopsin (and therefore rod outer segment material) and no detectible arrestin. Based on the above estimate of the detectability limit, the amount of arrestin in this section is Ͻ25% of the average amount in the inner segment, and therefore the amount of arrestin in the entire outer segment is not more than the average value in one inner segment section. Thus, the most conservative estimate of the arrestin content in the dark-adapted rod outer segments is just under 7% of its total cellular content.
Light adaptation of animals and determination of rhodopsin bleaching levels. Mice were dark adapted for at least 12 h and anesthetized with an intraperitoneal injection of a ketamine/xylazine mixture (75 and 10 mg/ kg, respectively), and their pupils were dilated with a mixture of 1% cyclopentolate-HCl, 2.5% phenylephrine, and 0.25% tropicamide. Light was delivered to the eyes by fiber-optic guides from an adjustable light source equipped with a 100 W halogen bulb. Even illumination throughout the entire retina was achieved by positioning a small white dome between the light guide and each of the eyes, just above the cornea surface, with drops of Gonak (Akorn, Buffalo Grove, IL) sealing the eye surface from exposure to air. The light intensity at the position corresponding to the eye surface was measured by a calibrated photodiode with a spectral sensitivity closely matched to that of rhodopsin. The photodiode was attached to a PDA-700 amplifier (TTI, Oriskany, NY). Mice were subjected to light exposure of a desired duration and light intensity.
The rate of rhodopsin photoactivation in rods was measured by determining the amount of bleached rhodopsin after illumination by light of known intensity. This was achieved by measuring rhodopsin concentration in the retina homogenate by difference spectroscopy before and after rhodopsin regeneration with 11-cis-retinal. A protocol modified from Sokolov et al. (2002) was used as follows. The retina was removed from the eye under dim red illumination and sonicated in 250 l of water. A 100 l aliquot was mixed with 20 l of 200 mM hydroxylamine (titrated to pH 7.5 by NaOH) containing 10% n-octyl-␤-D-glucopyranoside. The sample was centrifuged in a tabletop microcentrifuge, and rhodopsin concentration in the supernatant was measured by difference spectrometry using the molar extinction coefficient of 40,500 (Bownds et al., 1971) . The rest of the sonicated sample was mixed with 0.5 l of 4 mM 11-cis-retinal solubilized in ethanol, sonicated again, and incubated at 37°C for 40 min in complete darkness. After the completion of regeneration, rhodopsin concentration was determined in a 100 l aliquot, as in the nonregenerated sample. The extent of rhodopsin bleaching in the retina was calculated as the difference between the measured rhodopsin concentration in regenerated and nonregenerated samples. For bleaching Ͻ10% rhodopsin, rhodopsin bleaching to the desired level was achieved by reducing the intensity of calibrated light by neutral density filters. The conversion between the fraction of bleached rhodopsin and the rate of rhodopsin isomerization was performed assuming that the total amount of rhodopsin molecules in a mouse rod is 7 ϫ 10 7 (Lyubarsky et al., 2004) .
Expression and purification of recombinant mouse arrestin. A pProEX HTa plasmid (Invitrogen, Carlsbad, CA) containing the coding sequence of mouse visual arrestin was a gift from V. V. Gurevich and S. M. Hanson (Vanderbilt University, Nashville, TN). It was expressed in Escherichia coli according to standard procedures and purified from the inclusion bodies after a 2 h isopropyl-␤-D-thiogalactopyranoside induction. Inclusion bodies were isolated by centrifugation (30,000 ϫ g, for 10 min) from cells disrupted by sonication in the presence of a protease inhibitor cocktail (Sigma, St. Louis, MO) and 10 mM DTT. Inclusion bodies were dissolved in 100 mM NaH 2 PO 4 , 10 mM Tris, and 6 M urea, pH 8.0, and incubated with Ni-NTA agarose beads (Qiagen, Hilden, Germany) for 1 h at 4°C. The beads were washed three times with an excess of 100 mM NaH 2 PO 4 , 10 mM Tris, and 6 M urea, pH 6.3, and arrestin was eluted with 100 mM NaH 2 PO 4 , 10 mM Tris, and 6 M urea, pH 4.5. Additional arrestin purification was performed on a Mono Q HR 16/10 column (Amersham Biosciences, Piscataway, NJ) in 20 mM Tris HCl, pH 7.8, and 6 M urea using a linear 0 -1.0 M NaCl gradient. At least 95% pure arrestin was eluted in a single peak at ϳ0.5 M NaCl. Arrestin concentration was determined spectrophotometrically using its calculated molar extinction coefficient of ⑀ 280 ϭ 22,810 or by the Bradford assay (Bradford, 1976) using bovine serum albumin as the standard, with both methods yielding essentially identical results.
Results

Arrestin translocation is triggered as light intensity reaches a critical threshold
To quantify the subcellular distribution of arrestin in the dark and the light dependence of its translocation, we used an ap-proach combining serial tangential sectioning of the retina with protein detection in each section by Western blotting. This method was originally developed for quantitative studies of transducin translocation (Sokolov et al., 2002) . The dependency of arrestin translocation on the intensity of steady illumination (white light, 30 min) is shown in Figure 1 . In the dark, the rod outer segment content of arrestin is very low and below the detection limit of the serial sectioning/Western blotting technique, which we estimate conservatively not to exceed 7% of the total arrestin amount in the cell. Continuous light producing up to ϳ580 R*/rod/s (bleaching up to 1.5% rhodopsin during the entire illumination period) did not cause any detectable arrestin translocation. However, just doubling the light intensity to produce ϳ1160 R*/rod/s (bleaching 3% rhodopsin during the experiment) triggered the translocation of ϳ36% of the total arrestin pool. Light of higher intensities caused additional arrestin translocation, with the amount of moving arrestin approximately proportional to the amount of R* produced.
The light intensity threshold revealed in this experiment is striking. Potentially, it could be explained by either the accumulation of a critical amount of R* for arrestin binding or triggering a light-dependent signaling mechanism downstream from R*. A distinction between these possibilities requires the determination of the ratio between the amounts of photoexcited rhodopsin and translocated arrestin at the threshold intensity. Although rhodopsin bleaching can be measured with high precision by difference spectroscopy (see Materials and Methods), calculation of the number of moving arrestin molecules requires knowledge of its total molar content in the rod cell. This content was determined in the next set of experiments.
The amount of arrestin in the entire rod cell is comparable with rhodopsin Most published arrestin measurements were conducted with preparations of isolated rod outer segments, in which arrestin content is typically determined to be ϳ10% of rhodopsin (for a review on rod outer segment protein content, see Pugh and Lamb, 2000) . However, because it is now generally accepted that most of the arrestin is located in the inner segments of darkadapted rods, the total arrestin content in the rod is expected to be larger. Indeed, an early report of the arrestin content in the whole retina suggested that the molar ratio between arrestin and rhodopsin was considerably higher (Broekhuyse et al., 1985) , but this value was not generally accepted primarily because the electroimmunoassay technique used in that study could provide only rough estimates.
We determined the total content of arrestin in rods by quantitative Western blotting (Fig. 2) . Because the rod-specific isoform of visual arrestin is absent in all other cell types of the retina, whole mouse retinas were used for this measurement. The amount of arrestin was calculated as a molar fraction of rhodopsin, which is a conventional approach for quantification of rodspecific proteins. Retinas obtained from dark-adapted mice were disrupted by sonication, and their rhodopsin content was determined by difference spectroscopy. The arrestin/rhodopsin molar ratio in these samples was then analyzed by Western blotting using purified recombinant mouse arrestin as the standard. To control for any potential artifacts related to quantitative immunoblotting in the presence of crude cellular homogenates, arrestin standards were combined with retina homogenates obtained from arrestin knock-out mice containing the same amount of rhodopsin as the wild-type retina samples. We found that the total amount of arrestin in rods is 78 Ϯ 1% (SEM; n ϭ 6) of rhodopsin (equivalent to ϳ5.5 ϫ 10 7 arrestin molecules, given ϳ7 ϫ 10 7 rhodopsin molecules in a mouse rod from Lyubarsky et al., 2004) , which is much higher than the commonly assumed 10% of rhodopsin value and enough to quench all R* produced at nearly all light intensities (although our data do not directly imply that all of the rhodopsin molecules in a rod could in fact be phosphorylated and arrestin bound). A, Arrestin distribution in the rods of anesthetized mice kept in the dark or after 30 min of steady illumination at various intensities was analyzed by serial sectioning/Western blotting. The amount of arrestin in rod outer segments (ROS) was calculated as described in Materials and Methods. The amount of bleached rhodopsin at the end of the illumination period was measured by difference spectroscopy (see Materials and Methods). The most crucial measurements at 0, 1.5, and 3% rhodopsin bleaching levels were repeated five times, and other measurements were conducted between one and three times. The error bars represent SEM. The data of measurements at higher than 3% rhodopsin bleach levels are fitted by a straight line. The data at 0, 0.5, and 1.5% rhodopsin bleaching yielded an arrestin content in the outer segments below the most conservative estimate of the reliable detectability limit of the serial sectioning/Western blotting technique (dotted line at 7% arrestin; see Materials and Methods). B, Examples of the individual Western blot profiles of arrestin distribution throughout the serial sections in the dark (0%) and at light intensities bleaching 3 and 80% rhodopsin. The arrestin distribution in each case is compared with those of two intracellular markers, rhodopsin (a marker for outer segments) and cytochrome c (a mitochondrial marker for inner segments). Below is shown a schematic drawing of a rod cell. Arr, Arrestin; Rho, rhodopsin; Cyt, cytochrome c; OS, outer segment; IS, inner segment; N, nucleus; S, synaptic terminal.
The amount of translocating arrestin is superstoichiometric to the amount of photoexcited rhodopsin Based on our quantification of arrestin, the 36% of the cellular arrestin undergoing the translocation during the 30 min illumination of the threshold light intensity (Fig. 1) corresponds to 2 ϫ 10 7 molecules. Because ϳ2 ϫ 10 6 R* was produced by the same light, the amount of translocated arrestin exceeded the amount of photoactivated rhodopsin by ϳ10-fold. This stoichiometry reveals that the amount of activated rhodopsin is insufficient to trap an appreciable fraction of arrestin, and therefore, trapping alone cannot explain the translocation phenomenon. Rather, translocation is set by a signaling event triggered as the light intensity reaches a critical level. An appreciable trapping by R* can occur only at the light intensities significantly above the threshold and could account only for the additional increase in the rod outer segment levels of arrestin observed at light above the threshold level.
We next determined the ratio between the amounts of translocating arrestin and photoexcited rhodopsin immediately after the onset of illumination just above the threshold intensity level (ϳ1400 R*/rod/s) (Fig. 3A) . Arrestin translocation under these conditions was well fit by an exponent with a halftime of ϳ5 min. The initial rate of arrestin translocation was ϳ4.5% of its total cellular content per minute, or ϳ2.5 ϫ 10 6 arrestin molecules per minute. Given that the light of this intensity produces ϳ8.4 ϫ 10 4 R*/min, we calculated the ratio between rhodopsin bleaching and arrestin translocation to be ϳ1:30. This number provides a more accurate representation of the arrestin/R* ratio than the 10-fold value calculated above from Figure 1 because it is taken from the initial linear range of arrestin movement.
Arrestin translocation in the light is more rapid than its return in the dark
In the next experiment, we examined whether the extent of rhodopsin bleaching affects the rate of arrestin translocation. The translocation time course was measured at a high light intensity (50,000 R*/rod/s) that bleached Ͼ90% rhodopsin during the experiment (Fig. 3B) . The initial translocation rate was only ϳ20% higher than in Figure 3A , but the total amount of translocated arrestin was approximately twofold larger, shifting the halftime to ϳ9 min. The increased magnitude of arrestin translocation in ) (open circles) was determined in anesthetized mice exposed to continuous light producing 1400 R*/rod/s using serial sectioning/Western blotting. The exponential curve fitted to the data and originated from the midpoint below the method detectability level (dotted line) indicated that the rate of arrestin translocation was 0.14 Ϯ 0.05 min Ϫ1 . Arrestin return to the inner segments in the dark (filled circles) was measured after mice were first illuminated with continuous light of the same intensity for 30 min and then kept in the dark for various periods of time. The rate of arrestin return calculated from the exponential fit of the data were 0.011 Ϯ 0.001 min Ϫ1 . B, Arrestin entry into rod outer segments at bright illumination initially producing ϳ5 ϫ 10 5 R*/rod/s. The exponential rate of arrestin translocation was 0.072 Ϯ 0.017 min Ϫ1 . The number of individual experiments for each time point varied between 2 and 4; error bars represent SEM.
this experiment is consistent with significant trapping of arrestin by R*, whereas the similarity between the initial rates provides additional evidence against the arrestin-R* interaction being the primary driving force for the translocation.
The extinction of illumination caused arrestin return to the inner segments (Fig. 3A) . The return kinetics was determined after the extinction of illumination of the threshold intensity. This allowed us to minimize the effects of arrestin trapping by rhodopsin on the rate of arrestin return. The exponential fit of the data revealed a halftime of ϳ65 min, which is significantly slower than the rate of arrestin movement in the light-induced direction.
The kinetic parameters identified in our study are generally consistent with those derived from densitometric analysis of immunostained cross sections of the mouse retina (Elias et al., 2004; Nair et al., 2005) . However, these other studies reported a twofold to threefold more rapid arrestin translocation in each direction. Elias et al. (2004) also observed a more rapid transducin translocation than we measured previously using serial sectioning with Western blotting (Sokolov et al., 2002) and suggested that the difference originates from a longer time period required to process retinas for serial sectioning than for immunostaining. We disagree because any protein translocation occurring during sample processing would be additive to that completed before the extinction of light, making the formally measured time course faster instead of slower. Rather, we think that this discrepancy reflects the intrinsically nonquantitative nature of the densitometric analysis of immunostaining data. Two untested assumptions of such analyses are that the staining efficiency of a given protein is uniform throughout the cell and that the staining intensity is a linear function of protein concentration. Neither is practical to control using independent protein standards, and these nonlinearities of immunostaining often lead to artifacts of epitope masking and unmasking (cf. Roof and Heth, 1988; Kramer et al., 1997; Ezaki, 2000) . This is in contrast to Western blotting, which can be calibrated using purified protein standards.
Arrestin translocation is triggered downstream from phototransduction
In the final set of experiments, we addressed whether the light dependence of arrestin translocation is conveyed through the conventional phototransduction cascade or through an alternative not-yet-identified mode of light signaling, as suggested for example by Mendez et al. (2003) . We did this by studying arrestin translocation in two genetically modified mouse models, the R9AP knock-out and the transducin ␣ subunit knock-out, in which phototransduction was either enhanced or abolished, respectively. The total arrestin content in both mice was normal (data not shown) (for transducin ␣ subunit knock-out, see Calvert et al., 2000) .
We first analyzed the R9AP knock-out mouse (Fig. 4) , which is characterized by prolonged rod photoresponses caused by a defect in timely deactivation of transducin (Keresztes et al., 2004) . The slow recovery of the responses makes these rods significantly more sensitive to steady light than wild-type rods. The dark content of arrestin in the rod outer segments of these mice is low as in wild-type mice. However, exposing R9AP knock-outs to continuous light producing 380 R*/rod/s, well below the arrestin translocation threshold in wild-type mice, caused the translocation of ϳ36% arrestin. This level of translocation is the same as that caused by the light of threshold intensity (1160 R*/rod/s) in wild-type animals.
These data bring us to two conclusions. First, the signal triggering arrestin translocation requires conventional phototransduction. Any putative light-sensitive pathway not acting downstream from transducin would not be expected to enhance light sensitivity of arrestin translocation when transducin activity is affected. Second, the light intensity threshold for arrestin translocation is determined by the "amount" of signaling through the phototransduction cascade, not by the amount of rhodopsin bleaching itself. We next examined arrestin translocation in the transducin ␣ subunit knock-out mouse in which rhodopsin is unable to initiate a photoresponse (Calvert et al., 2000) . Two previous studies documented the presence of light-dependent arrestin translocation in this model (Mendez et al., 2003; Zhang et al., 2003b) . Data shown in Figure 5 confirm that translocation of arrestin takes place in this mouse but also reveal several major differences from wild-type mice. Unlike in wild-type mice, a significant fraction of Figure 4 . Increased light sensitivity of arrestin translocation in R9AP knock-out mice. Arrestin translocation was analyzed by serial sectioning/Western blotting in wild-type or R9AP knock-out (R9APKO) mice in the dark or after 30 min of continuous illumination at intensities producing 380 or 1160 R*/rod/s. Error bars represent SEM of the data from three individual experiments. The dotted line indicates the detectability limit of the serial sectioning/Western blotting technique. The bars for the data falling below the 7% detectability limit are set at 7%; the actual amount of arrestin in rod outer segments (ROS) may be less. arrestin (ϳ17%) in transducin ␣ knock-outs was found in rod outer segments in the dark. Light of increased intensities caused a gradual increase in this content but only up to ϳ52% of the total arrestin amount (compared with ϳ76% in Fig. 1) . Significantly, no threshold was observed in the light-dependency curve.
Given that the total amount of arrestin in this mouse is normal, it appears that, without normal phototransduction, arrestin distribution in the rod is not properly "tuned." Approximately one-half of arrestin remains at its dark location in the inner segments regardless of the conditions of illumination, whereas the other half is evenly distributed throughout the rod cytosol. The latter arrestin pool can be trapped by R* at high bleaching levels, resulting in its redistribution to the outer segments observed in Figure 5 . The reduced level of arrestin translocation in bright light and lack of threshold in the light-dependency curve further confirm that there is a signaling threshold-dependent event required for arrestin translocation in normal rods.
Discussion
Light-driven protein translocation has recently become one of the most intensively studied topics in photoreceptor biology. The introduction of quantitative techniques and the availability of genetically manipulated animal models open the door for gaining insights into the nature of this phenomenon. In this study, we used both approaches to describe the most basic characteristics of arrestin translocation in mouse rods: its light dependency, kinetics, and relation to rhodopsin bleaching. This led us to the discovery that the number of translocating arrestin molecules vastly exceeds the number of photoactivated rhodopsins, and that translocation occurs only when a threshold of cascade signaling has occurred. The putative nature of the underlying mechanisms and the physiological consequences of arrestin translocation will be discussed in this section.
Is arrestin translocation driven by diffusion or molecular motors?
Most of the recent discussion on the mechanisms of protein translocation in rods and cones was centered on whether it is driven by diffusion (cf. Peet et al., 2004; Nair et al., 2005) or by the action of molecular motors carrying arrestin and transducin along axonemal microtubules (cf. McGinnis et al., 2002; Peterson et al., 2005) . As we calculated previously for transducin translocation , both the observed rate and the volume of protein translocation are much more compatible with diffusion. Data obtained in this study reinforce this argument. With the onset of illumination, up to 5% of the total arrestin translocates from the inner to the outer segments each minute (Fig. 3) . This is equivalent to the rate of ϳ3,000,000 molecules per minute, which is nearly 1000-fold faster than the reported rate of rhodopsin delivery into rod outer segments [ϳ4300 molecules per minute (Liu et al., 1999) ], viewed as a benchmark for a rapid motor-driven protein transport process. The striking speed of arrestin translocation argues against an active transport mechanism. To the contrary, the calculated rate for the diffusion of an average soluble protein between the rod compartments is severalfold faster than the measured rate of arrestin translocation (for a detailed calculation, see Strissel et al., 2004) . Another theoretical argument in favor of diffusion is that its rate is not dependent on the absolute protein concentration in the cell, whereas the capacity of molecular motors could be easily saturated by such vast amounts of proteins as arrestin.
Direct evidence in support of diffusion being rapid enough to underlie protein translocation in rods was obtained in two recent studies (Calvert et al., 2005; Nair et al., 2005) . Both demonstrated that soluble green fluorescent protein expressed in rods diffuses between the inner and the outer segments on a timescale of a few minutes, similar to arrestin. Nair et al. (2005) also observed arrestin translocation on a similar timescale within retinas severely depleted of ATP and thus unlikely capable of conducting energydependent protein transport. This observation, however, does not exclude the role of ATP in arrestin translocation under normal conditions, neither does it imply that the basic parameters of arrestin translocation without ATP are normal.
The diffusion model requires arrestin interaction with lightcontrolled binding sites
Although the speed of arrestin translocation is consistent with diffusion, diffusion alone cannot account for the observed directionality of this process and the steep arrestin gradients between the inner and outer segments. Therefore, the diffusion model must include additional components that provide this directionality, such as arrestin binding sites controlled by light.
It has been long recognized that arrestin could be "trapped" in the outer segment by the sites provided by photoexcited phosphorylated rhodopsin (Mangini et al., 1994) . Conversely, a recent report by Peet et al. (2004) indicates that, in dark-adapted rods, arrestin is confined to unknown binding sites in the inner segment. The latter is evident from the observation that the intracellular distribution of arrestin in the dark does not match that of a soluble green fluorescent protein. One candidate for binding arrestin in the inner segments is the microtubular cytoskeleton, which has been shown to comigrate with arrestin during subcellular fractionation, particularly in the dark (Nair et al., 2004 (Nair et al., , 2005 . In addition, arrestin was reported to colocalize with the microtubular axoneme in Xenopus rods (McGinnis et al., 2002; Peterson et al., 2003) , the observation originally proposed as evidence for the involvement of the cytoskeleton in arrestin translocation.
Regardless of the nature of the inner segment sites, they are predicted to have a relatively low affinity for arrestin. This is because a small but critical fraction of arrestin must be present in the free form and available to the outer segments to terminate the photoresponse of dark-adapted rods. The existence of this arrestin fraction is supported by the lack of photoresponse termination in rods of the arrestin knock-out mouse (Xu et al., 1997) .
Is the competition between microtubules and rhodopsin sufficient to explain arrestin translocation?
A version of the diffusion-mediated model of arrestin translocation has been presented in a recent study by Nair et al. (2005) . They proposed that the entire phenomenon can be explained by a competition for arrestin binding between the constitutive lowaffinity microtubular sites in the inner segments and the lightinducible high-affinity rhodopsin sites in the outer segments. In the dark, the affinity of microtubules is sufficient for retaining most arrestin in the inner segment compartment, whereas the formation of bleached phosphorylated rhodopsin during illumination rapidly shifts the arrestin distribution equilibrium toward the outer segments. Evidence in support of this hypothesis includes the following: the abolishment of arrestin translocation by hydroxylamine causing rapid R* decay, the slowed rate of translocation without rhodopsin phosphorylation, the correlation of arrestin return to the inner segment with rhodopsin dephosphorylation and R* decay, and impaired translocation of arrestin mutants with increased affinity to microtubules. The authors con-cluded that rhodopsin activation is necessary and sufficient for arrestin translocation.
Although this hypothesis is simple and appealing mechanistically, functionally it makes arrestin translocation an epiphenomenon, because an appreciable translocation occurs only at high bleaching levels when rods are not thought to contribute much to visual perception (Rodieck, 1998) (note that no less than 50% rhodopsin was bleached in the experiments reported by Nair et al., 2005) . Besides, this hypothesis predicts that free arrestin concentration in the outer segments decreases in light, which could not be adaptive for the cell (see below). However, the major challenge for this hypothesis is to meet its quantitative prediction that the amount of bleached rhodopsin is equal to the amount of translocating arrestin. This prediction is not met in our direct measurements. The ratio between the amounts of bleached rhodopsin and translocated arrestin is ϳ1:30 in wild-type rods and even higher in rods of R9AP knock-out mice. Because one R* molecule cannot bind these quantities of arrestin, our results essentially reject the simple competition hypothesis.
Potential role of arrestin translocation in light adaptation
Our data indicate that light-mediated arrestin release from storage in the inner segments is not passive but is triggered when the intensity of background illumination approaches the upper limits of the normal range of rod responsiveness (Nakatani et al., 1991; Makous, 2001; Krispel et al., 2003) . Because the amount of arrestin translocating at the threshold light intensity significantly exceeds the amount of bleached rhodopsin, the translocation is predicted to lead to an increase in free arrestin concentration in the outer segment cytoplasm. Such an increase could serve two specific functions. First, it could speed the inactivation of individual R* molecules, thus improving the temporal resolution of light responses. Second, it could provide the capacity to quench larger amounts of R* than would be typically encountered by a dark-adapted rod. Although both predictions remain to be evaluated in direct physiological experiments, they are expected to act in addition to an ϳ10-fold adaptation effect caused by transducin translocation (Sokolov et al., 2002) because transducin translocation affects the rising phase of the photoresponse, whereas arrestin acts at the level of response recovery.
At high light intensity levels when a significant fraction of rhodopsin becomes bleached, additional arrestin could be translocated to the outer segments as a consequence of its being trapped by R* (Fig. 1) . As mentioned above, it is difficult to consider this additional translocation an adaptation mechanism because it leads to a decrease, not an increase, in the free arrestin concentration. Rather, it could be viewed as arrestin "utilization" after the actual adaptation phenomenon of light-triggered arrestin release from the inner segments.
In summary, our quantitative analysis makes a major advance in understanding light-dependent arrestin translocation by revealing the key features of this process, its superstoichiometric ratio to R*, and the light-triggered release of arrestin from inner segment storage. This work sets the stage for any future mechanistic studies addressing the molecular nature of this storage, its regulation by light, and the physiological consequences of arrestin release.
